Objectives: Intravenous lipid emulsion (ILE) has been used increasingly over the last decade for a range of drug overdoses. Although the use of ILE in local anesthetic toxicity (LAST) is well established, the hemodynamic effectiveness of ILE in non-LAST poisonings is still unclear. Thus, the primary objective of this study was to examine a cohort of poisoned patients in whom ILE was administered. Methods: Consecutive patients were identified by calls to a regional poison center from May 1, 2012 to May 30, 2014. Patients were enrolled if they ingested a drug, developed hemodynamic instability, failed conventional treatment, and received ILE therapy. Data were collected by medical record review. The primary outcome was the change in mean arterial pressure (MAP) in the first hour after ILE administration. Secondary outcomes included survival, length of stay, and the effect of drug class on patient outcome. Results: Thirty-six patients were enrolled. Agents ingested included calcium channel blockers and beta blockers (10/36, 27.8%), tricyclic antidepressants (5/36, 13.9%), bupropion (3/36, 8.3%), and antiepileptic agents (1/36, 2.8%). Seventeen patients (47.2%) ingested multiple agents. Twenty-five patients survived (69.0%). Overall, MAP increased by 13.79 mm Hg (95% CI 1.43-26.15); this did not meet our a priori definition of clinical significance. Conclusions: Our study did not find a clinically important improvement in MAP after ILE administration. Until future research is done to more definitively study its efficacy, ILE should remain a potential treatment option for hemodynamically unstable overdose patients only after conventional therapy has failed.
INTRODUCTION

Background
The first use of intravenous lipid emulsion (ILE) therapy in the overdose setting was in 1998 in a rat model of bupivacaine toxicity. 1 Since then, there have been multiple animal studies and human reports on the use of ILE in local anesthetic toxicity (LAST). [2] [3] [4] [5] [6] [7] [8] ILE has now been incorporated into anesthesia practice guidelines for management of LAST. 9 A widely accepted mechanism of action for ILE is the "lipid sink" model. 10, 11 ILE is thought to expand the plasma lipid phase and act as a sink for lipophilic toxins, drawing them away from their target tissue receptors.
In vitro studies suggest that the efficacy of ILE is greater with increasing drug lipophilicity (as measured by its volume of distribution and its partition constant). 12 Based on these results, multiple cardiovascular toxins, including amiodarone, tricyclic antidepressants (TCAs), bupropion, verapamil, amlodipine, propranolol, and quetiapine could be amendable to ILE therapy. Other possible mechanisms include the alteration of fatty acid metabolism in cardiac myocytes and promotion of the opening of voltage-gated calcium channels in cardiac myocytes. 13, 14 The end result of the latter two mechanisms is an increase in cardiac inotropy (increased contractility) and chronotropy (increased heart rate).
Importance
In the last decade, the use of ILE for non-local anesthetic agent toxicity has been growing in both the emergency department (ED) and intensive care unit (ICU) settings. Multiple animal studies have demonstrated the efficacy of ILE for toxicity from beta blockers (BBs), calcium channel blockers (CCBs), TCAs, and antipsychotics. [15] [16] [17] [18] [19] [20] [21] To date, the human data on the effectiveness of ILE for cardiovascular toxins has been limited to small case series and reports, and review articles. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] A recently published systematic review on the use of ILE in nonlocal anesthetic overdoses found current evidence to be heterogeneous and low quality. 33 Moreover, several publications have demonstrated adverse effects with its use, including interference with laboratory investigations such as the complete blood count (CBC) and electrolytes. [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] Although ILE use is well established in LAST, the effectiveness of ILE for non-LAST poisonings is still unclear. The current literature on ILE is subject to publication bias and is likely to include a disproportionate number of positive outcome case reports.
Objectives
We sought to determine the effect of ILE on a consecutive cohort of poisoned patients in whom ILE was administered. Key outcomes of interest were the effect of ILE on mean arterial pressure (MAP), survival, time in hospital, and adverse events.
METHODS
Study design and setting
This was an observational study that enrolled consecutive patients from 16 Canadian tertiary care and community hospitals in four major cities within two Canadian provinces. Data were collected between May 1, 2012 and May 30, 2014. The study took place in partnership with the regional poison center, which covers a catchment area of 5.2 million people and fields over 34,000 calls annually (2013 data).
Study population
We wished to study patients who met accepted criteria for administration of ILE after a drug poisoning, namely: a) exposure to a lipophilic cardiotoxic drug, b) hemodynamic instability or cardiac arrest, and c) failure of routine supportive care to improve hemodynamics. 44 To achieve this, we enrolled patients of all ages with exposure to any drug or combination of drugs with any of the following characteristics: cardiac arrest, systolic blood pressure (SBP) <90 mm Hg, diastolic blood pressure (DBP) < 60 mm Hg, heart rate (HR) < 50 bpm, altered mental status, or seizure activity. Pediatric values for HR, DBP, and SBP were age-based, and are listed in Appendix 1. In addition, patients had to have received conventional treatment for their exposure (e.g., intravenous fluids, vasopressors, inotropes, or specific antidotes), without clinical improvement. The Certified Specialists in Poison Information (CSPI) at the poison center enrolled the patient in the study once the treating health care provider contacted the poison center for advice. Although there were no specific exclusion criteria, cases not reported to the poison center could not be identified.
Data collection
Initial clinical and laboratory data were collected over the telephone using a standardized data collection form. These data included patient demographics, drug exposure, initial vital signs, treatment prior to ILE, and initial ILE dose. Additional information, including ILE infusion dose, vital signs after ILE administration, and patient outcome data were collected by medical record review by three of the authors (SM, AW, and NL). Data were then transferred onto a Microsoft Excel spreadsheet (Microsoft Corp., Redmond, WA) and reviewed by two of the authors (SM and KD) for any errors or omissions.
Interventions
The recommended dosing protocol for ILE by our poison center during the study was a 1.5 mL/kg bolus (which could be repeated up to three times), followed by an infusion of 0.25-0.50 mL/kg/minute until a total ILE dose of 8 mL/kg was reached. 45 Patients who received variations of this protocol were included in the study. During the data collection period, some centers changed their ILE formulation from Intralipid ® (20% soybean oil, 1.2% egg yolk phospholipids, 2.25% glycerin) to Clinoleic ® (16% olive oil, 4% soybean oil, 1.2% egg yolk phospholipids, 2.25% glycerin). Patients receiving either formulation were included in the study.
Outcome measures
The primary outcome was the change in MAP over time following the administration of ILE. Our group felt that a clinically meaningful increase in MAP would be an improvement of at least 10 mm Hg in the first hour after ILE administration, based on a study that demonstrated an increase in MAP by 10 mm Hg in healthy volunteers given ILE. 46 Secondary outcomes were survival, time from initiation to discontinuation of all vasopressors and inotropes after ILE administration, hospital length of stay, ICU length of stay, effect of drug class on patient outcome, and return to baseline neurologic status (defined as a return to pre-hospital neurologic function and assessed based on chart review of neurology referral/consultation and/or involvement of rehabilitation services). Data were also evaluated for evidence of lipemia interfering with the measurement of laboratory tests.
Analysis MAP values after ILE administration were plotted to show the variability in individual patient measurements. The primary analysis used mixed effects models to quantify MAP after ILE administration with the patient as the random effect; time since baseline, age group, and ingested drug class were treated as fixed effects. This analysis allowed for multiple and varying measurement times per patient. All patients in whom a mean arterial pressure could not be obtained (e.g., pulseless, or systolic but no diastolic blood pressure recorded) were assigned a value of zero mm Hg at that time point for all statistical calculations. Estimates over time and associated 95% confidence intervals (CIs) were calculated and the estimated change in MAP at one hour was provided. In addition, the change in MAP at one hour after ILE administration was calculated and a one-sided t-test assessed if the change was at least 10 mm Hg. Patients with at least one measurement between baseline and one hour were included in this t-test; the last value was carried forward if a measurement was not available at one hour. Medians and quartiles were calculated for the time-to-event variables: time from initiation to discontinuation of all vasopressors and inotropes after ILE administration, hospital length of stay, and ICU length of stay. Analyses were repeated for the subgroups of survivors and non-survivors. Analyses were conducted using The R Project for Statistical Computing (https://www. r-project.org) using the NLME package. 47 A p-value of less than 0.05 was considered statistically significant.
Ethical issues
The study was approved by the Health Research Ethics Boards at our respective institutions (University of Alberta Health Research Ethics Board, University of Calgary Conjoint Health Research Ethics Board, and University of Saskatchewan Biomedical Research Ethics Board). Given the expected unstable clinical status of the patients on presentation, the study was granted a waiver of consent by all involved ethics boards.
RESULTS
A total of 36 patients were enrolled during the study period. The ingested agents included CCBs and BBs (10/36, 27.8%), TCAs (5/36, 13.9%), bupropion (3/36, 8.3%), and antiepileptic agents (1/36, 2.8%). Seventeen patients (47.2%) ingested agents from multiple classes (including selective serotonin reuptake inhibitors, antipsychotics, opioids, sedative hypnotics, sympathomimetics, clonidine, and valproic acid), whereas the remainder ingested agents from a single class. Table 1 describes the characteristics of the study group.
All patients were treated with intravenous fluid resuscitation, and 35 (97.2%) patients were treated with additional agents to support hemodynamics prior to ILE administration. These agents included vasopressor infusions, bolus epinephrine as a part of advanced cardiac life support (ACLS) for cardiac arrest, atropine, sodium bicarbonate, calcium, glucagon, and high dose insulin with euglycemia (HIE) ( Table 1 ). Dosing of glucagon (2 -10 mg bolus), calcium (0.5-1 mEq/kg), and HIE (1 unit/kg insulin bolus) followed poison center recommendations in all but one glucagon patient.
There was variability in the ILE dosing regimens. Twenty-four (66.7%) patients received an initial bolus between 1.0-2.0 mL/kg of ILE. Nine patients (25.0%) received a non-weight based bolus of between 50-400 mL. Two patients (5.5%) did not have documentation of the amount of ILE given. One patient (2.8%) did not receive a bolus, but was started on an infusion.
Primary results
The primary outcome of our study was to evaluate the change in MAP over time following the administration of ILE. Data were not collected at the same time points for each patient; for some patients only one measurement was available as death occurred shortly after ILE administration, whereas for other patients, values up to 72 hours after ILE administration were collected. The MAP varied considerably over time and among patients ( Figure 1 ). When all available MAP measurements in the first hour were used in the mixed linear regression model, the MAP at one hour increased by an estimated 13.79 mm Hg (95% CI 1. 43-26.15) . When patients had the last available single MAP value carried forward to one hour, the mean change in MAP was 17.22 mm Hg (n = 23; median = 13.33; p = 0.044 for one-sided t-test assessing MAP ≥ 10 mm Hg). Thirteen (56.6%) of these 23 patients had at least a 10 mm Hg increase in MAP at one hour after ILE administration (p = 0.677). This mean change in MAP was highly influenced by one extreme value for one patient (MAP increased by 76.7 mm Hg at 43 minutes after ILE administration); without this patient's result, the mean change in MAP was 14.52 mm Hg at one hour and was no longer statistically significant (median = 11.67; p = 0.085). When survivors were analyzed separately, there was no evidence of a statistically significant increase in MAP in the first hour (mean change = 9.83 mm Hg; 95% CI -4.34-23.99; n = 25; p = 0.180) (Figures 2a and 2b) . When baseline MAP values were analyzed for survivors and non-survivors, survivors had a significantly higher mean MAP (73.3 vs. 43.9 mm Hg; p = 0.003). For all analyses with all patients and the survivor and nonsurvivor subgroups, there was no evidence of a statistically significant difference between ingested agent classes or between older and younger patients (age < 65 and age ≥ 65).
Secondary results
Overall, 25 (69.0%) patients survived, with 22 (88.0%) of these patients regaining their baseline neurologic status at discharge. There was insufficient data to determine the effect of ILE on the time from initiation to discontinuation of vasopressors and inotropes. For survivors, the average ICU length of stay was 6.4 days (median 4, IQR 6), and the average hospital length of stay was 21.4 days (median 10, IQR 15) ( Table 2 ). Drug class did not have a significant effect on patient outcome.
Other findings
One patient was found to require increased sedation after the administration of ILE. This patient ingested both bupropion and ethanol and became increasingly agitated with seizure activity approximately 48 hours after ingestion. The patient was treated with ILE at this point and found to have worsening agitation shortly after ILE administration. In addition, interpretation of laboratory values was affected in seven patients (19.4%). Four of these patients had non-interpretable CBC results due to "grossly lipemic" samples. One other patient had a low-density lipoprotein (LDL) level that could not be interpreted, and one patient had a troponin level that could not be interpreted.
DISCUSSION
Although our population demonstrated an increase in MAP greater than zero in the first hour after ILE administration, this increase was not statistically significantly greater than the threshold of 10 mm Hg. In addition, although non-survivors highly influenced our results, when survivors were analyzed separately, the change in MAP remained statistically insignificant. Given These findings are in contrast to several animal and human studies that have demonstrated hemodynamic benefit with ILE administration in various drug classes, including calcium channel blockers, 19, 23, 24 amiodarone, 48 betablockers, 15 and tricyclic antidepressants. 20, 26, 28 The observational nature of our study, compared to the randomized, controlled design of many of the animal and human studies, is the most likely explanation for the difference.
Almost all of the survivors regained their baseline neurologic status prior to hospital discharge. This outcome has not been studied in previously published reports on the use of ILE. Although an association between ILE administration and this finding cannot be extrapolated from our study, this relationship could be explored further in future studies.
One patient with a bupropion and ethanol overdose was noted to be difficult to sedate after ILE administration; this may be secondary to the lipophilic nature of sedative agents being adsorbed into the ILE. Although this may represent a novel adverse event, it could also be explained by worsening ethanol withdrawal, given the timeline of this patient's increased agitation and seizure activity. If this was, in fact, a novel adverse event, there are several sedative and analgesic agents for which this may be relevant, including fentanyl, midazolam, etomidate, propofol, phenobarbital, and ketamine.
Prior studies have identified difficulty with interpreting laboratory investigations after ILE administration, such as liver transaminases, serum lipid profile, and some electrolytes. 51, 52 In our study, the most commonly reported interference from ILE was with the complete blood count. One animal study demonstrated that ILE interferes with lipid profile lab results, 53 which was seen with one of our patients. To our knowledge, there has not been any previous report of ILE interfering with troponin value interpretation.
Our results are similar to those reported by Geib et al., 49 who studied the use of ILE in cardiac arrest patients. Like this study, ours was unable to demonstrate a clinically significant improvement in MAP following ILE administration. Furthermore, both Geib et al. 49 and Levine et al. 50 reported multiple adverse effects in a large majority of the patients studied, including ARDS and pancreatitis. In our study, we did not systematically collect adverse event data; this is the most likely reason that our data differs from the above studies.
This study represents the largest human case series on the use of ILE in non-local anesthetic overdoses. Prior studies supporting the effectiveness of ILE in humans 
Limitations
Our study has several limitations. Given the observational study design, claims on efficacy (or lack of efficacy) of ILE as an antidote cannot be made. Only patients where the treating health care provider contacted our poison center were enrolled. It is possible that eligible patients for whom the poison center was not consulted were missed. Another limitation is the variability in the dosing protocols of ILE. Our poison center's dosing protocol was made available to regional EDs and ICUs, and is based on the widely accepted ILE dosing protocols. 41 This protocol was also available on the promotional posters distributed prior to patient enrolment. Since many patients had already been started on ILE by the time our poison center was contacted, some variability in the dose administered was expected. During our study period, there was also a regional change in ILE formulation from Intralipid ® to Clinoleic ® . There was no evidence of statistically significant effect on death with this change (p = 0.46). Furthermore, although our population closely reflects the heterogeneous population encountered in the emergency department, this heterogeneity may limit the validity of our results.
In addition, because some data were collected retrospectively, we were dependent on the information available within the medical record. As a result, some data were missing. The utilization of the CSPIs at our poison center allowed for regular telephone follow-up and collection of patient data where available. However, the initial critical nature of most patients, the early death of some patients, and the prolonged hospital stay of several patients made these data difficult to collect regularly, particularly the documentation outlining the start and cessation of vasopressor and inotropic agents.
Finally, our adverse event data was also limited. We did not systematically collect lipase levels or examine chest x-ray results on each patient, but rather examined charts retrospectively for any evidence of possible adverse events. This may have resulted in adverse events being missed.
CONCLUSION
In this cohort of hemodynamically unstable poisoned patients, no clinically significant improvement in MAP occurred after ILE administration. Adverse events included the need for increased sedation after ILE administration in one patient and interference with lab analyses in six patients. Future research involving ILE should include prospective, randomized controlled trials to more definitively study the efficacy of ILE and to help ascertain the most appropriate dosing protocol. Until then, ILE remains a potential treatment option in hemodynamically unstable overdose patients when conventional therapy has failed.
APPENDIX 1
Threshold systolic blood pressure <1 month <60 1 month-1 year <70 1-10 years <70 10 years <90
Threshold heart rate
Newborn-3 months <85 3 months-2 years <100 2 years-10 years <60 >10 years <60
